By single crystal 35 C1-NQR Zeeman spectroscopy, the five independent 35 C1 nuclear quadrupole coupling tensors in a-parachloral, (Cl 3 CCHO) 3 , have been studied at 24 ± 2 °C. The directions of the electric field gradient (EFG) tensor components have been determined. The principal axes are within ± 0.8° parallel to the C-Cl bond directions found by X-ray diffraction. Very small asymmetry parameters in the range 0.002 ^ rj ^ 0.046 are characteristic for the EFG tensors of chlorine atoms bound to carbon atoms in aliphatic systems. The five nuclear quadrupole coupling constants are in the range 76.752 ^ e 2 qQh~x/MRz ^ 78.155. The orientation of the principal axes 4> xx and <P yy can be correlated to the molecular structure.
Introduction
Todays major method of determining the electron density distribution in solids is the combination of X-ray diffraction and neutron diffraction. Therefrom bond lengths, bond angles, density distributions, g(x,y,z), and other molecular parameters in the crystalline state are obtained. An independent way to support and/or check the results from the diffraction experiments is the measurement of the electric field gradient (EFG) at the site of an appropriate nucleus within the solid by means of nuclear quadrupole resonance (NQR) [ Zeeman-split NQR spectroscopy, in which a weak magnetic field is applied to a single crystal, allows the determination of the three principal components of EFG tensor (EFGT), <P XX , & vy , @ zz , and their orientation with respect to the crystal axes [2] , Although the orientation of the EFGT can be, in principle, determined by Zeeman NQR spectroscopy of single crystals, the location of & xx and & vy is quite difficult for small //, unless the accuracy in the measurement of angles in the Zeeman NQR experiment is considerably high. By use of a NQR Zeeman goniometer with 47r-geometry [3] the 35 C1-NQR Zeeman spectrum of a single crystal of trichloroethylidene trichlorolactic ester (Chloralide), C1 3 C(;H0C0CHQCC1 3 , was investigated. It was found that the principal axes <t> zz at the sites of the six crystallographically independent chlorines are within ±0.5° parallel to the C-CI bond direction determined by X-ray diffraction, and the orientations of 0 XX and (P vv were explained as due to intramolecular interactions [4] . In literature, a few more 35 C1-NQR Zeeman studies on CC1 3 groups have been reported [5 -7] , However, the discussion in these studies is restricted mainly to the properties of 0:z.
In studying derivatives of Chloral, Cl 3 CCHO, the 35 C1 NQR spectrum of polycrystalline a-parachloral (cyclic trimer of Chloral)*, (Cl 3 CCHO) 3 , has been investigated [8] , The crystal structure of this material was reported by Hay and Mackay [9] , a-para-* a-2.4.6-tris(trichloromethyl)-1,3,5-trioxane. [8] .
Besides a-parachloral there is an isomeric compound, /?-parachloral, which forms monoclinic crystals, space group C^h-P2]/c. The main difference of the isomeres is in the molecular structure. In a-parachloral the trioxane ring is of boat form, with considerable distortion from a regular form, and in /?-parachloral the ring adopts the chair conformation. The 35 C1 NQR spectrum of /?-parachloral is composed of 9 lines in agreement with the crystal structure [9] , and by SEDOR experiments the spectrum has been sorted out according to the three CC1 3 groups of the molecule [8] . Up to now, no single crystal large enough to do 35 C1 Zeeman split NQR spectroscopy could be grown.
In this paper we report single crystal 35 C1 NQR Zeeman experiments of a-parachloral.
Experimental
The synthesis of a-parachloral is described elsewhere [8, 10] . After purification of the material by recrystallization, a single crystal of ca. The X-ray work of Hay and Mackay [9] shows that a-parachloral crystallizes with the orthorhombic space group D^-Pnma and the axial ratios are The crystal was fixed to a nonmagnetic goniometer head, optically adjusted on an optical two circle goniometer, and transfered to the 47r-Zeeman goniometer. In Fig. 1 the orientation of the crystal axes with respect to the laboratory coordinate system is shown. We call the laboratory system X c , Y c , Z c , which is colinear to the 47r-Zeeman goniometer system. The crystal was set on the goniometer head in such a way that b Z c . The orientation of the a and c axes in the plane (X c , Y c ) was determined as shown in Figure 1 . The principal axes system of EFGT is given by .x, y, z throughout this paper.
The theory of NQR Zeeman spectroscopy was developed by Dean [11] who solved for spin I = 3/2 the problem exactly. In this case, e.g., 35 C1, the dif- -ci/ 2 = c 3 /2 = '/r 1 ; w = Here 7 is the gyromagnetic ratio of the nucleus, B 0 the applied magnetic field, h Planck's constant, I the nuclear spin quantum number, and m the magnetic quantum number. Out of the four transitions,
where [m] is given as the square root of the bracket in (2 a), the pair with the smaller splitting
is called a-pair. Obviously, it merges at orientations of B 0 for which
. For one EFGT, these special vectors B 0 form a cone around <t> zz , the "zero splitting cone" which has rotational symmetry for q = 0. With respect to the coordinate system X c , Y c , Z c the polar and azimuthal angles for the vectors B 0 positioned on a zero cone are called <9 0 and cp 0 throughout this paper.
After finding 18 combinations of S 0 ,cp 0 for one of the zero splitting cones of the resonance line at 38.379 MHz (corresponding to C1 (I,3) ) a preliminary orientation of & zz (Cl (1, 3) ) has been calculated by a least squares procedure. Assuming that the principal r axis coincides with C-Cl direction and q = 0, the orientation of the crystal axes system with respect to X c , Y c , Z c , and the whole set of zero splitting cones for all Cl-atoms could be calculated from the known crystal data. These cones were checked and refined experimentally. In this way all five basic cones for the five crystallographically inequivalent Cl-atoms of one molecule and 13 symmetry related cones were determined. Since the zero splitting cones reflect the symmetry elements of the unit cell, a precise determination of the crystal orientation with respect to the coil system of the Zeeman goniometer could be performed afterwards.
Results
As expected from the crystal structure and the 35 C1-NQR powder spectrum of a-parachloral, five independent zero splitting cones were observed. The assignment of the five lines to two different CC1 3 groups within a molecule, based on SEDOR experiments, was confirmed. According to the crystal structure, a total of 36 35 C1-NQR tensors could be observed. Since the crystal structure is centrosymmetric, the number reduces to 18 (the direction x, y, z of the NQR tensor in the crystal is indistinguishable from direction x, y, z). With the method applied here, by inverting the field vector B 0 into (-B 0 ), one can find the two cones related by the inversion center. With each cone, its inverted counterpart was also studied by a few combinations (Pq to improve and check the accuracy of the angles. The results showed that the measurements of both <9 0 and <p 0 are accurate at least to ±0.2°.
The zero splitting cones of the 35 C1-NQR tensors in a-parachloral are shown in stereographic projection in Figs. 2 a -2 e. From the zero splitting cones (sets of i9q and (p 0 ) the nuclear quadrupole coupling constants, the asymmetry parameters, and the direction cosines of the 35 C1-NQR tensors with respect to the crystal axes system were determined analytically.
The results are summarized in Tables 1 and 2.  Table 1 gives the scalar parameters found from the observed are accurate at least to = ± 0.004, see Table 1 . The orientation of the principal axes can be given to ± 0.1 The directions of <P XX and <Pyy are reliable to ± 4° up to ± 30°, depending on the magnitude of rj.
Discussion
From the basic theory of nuclear electric quadrupole interactions in solids, by simple arguments one can show that the coupling constants e 2 qQh~x
should be proportional to r~3, r being the bond distance Cl w . In case of chloralide it was shown [4] that there is a tendency for e 2 qQh~x ~ r~3. It was pointed out that the determination of bond lengths C-CI which are known for chloralide to ± 0.4 pm [12] are too inaccurate to draw quantitative conclusions, particularly about the relation: Bond lengths determined from X-ray crystallography and charge distribution, or, molecular and lattice dynamics and charge distribution within the bond. For the compound a-2,4,6-tris(trichloromethyl)-l,3,5-trioxane the lengths of the bonds C (A) -Cl w " are known to ± 1.0 pm and therefore even a qualitative discussion r(C (A) -Cl w ) ++e 2 qQh~1 (Cl  w ) is not possible. It is interesting to note that in trichloroethylidene trichlorolactic ester (Chloralide) the 6 crystallographically inequivalent bond distances /-(C (/c) -Cl w ) are between 175.8 pm and 176.5 pm (J max = 0.7 pm) [12] whereas in a-chloral the distances r(C (/,) -Cl w ) are found between 173 pm and 178 pm (zJ max = 5 pm) [9] .
As listed in Table 1 , the asymmetry parameters q are very small, 0.002 ^ q ^ 0.046, which values are comparable with those found for chloralide [4] , and those reported for other trichloromethyl derivatives [5] [6] [7] , One may expect such small asymmetry parameters for chlorine atoms bonded to carbon within an aliphatic group, such as CC1 3 . Thus, at least for this group, the usual procedure in 35 C1- Table 2 . Direction cosines of the three main axes of the EFG tensors with respect to the crystal axes a. b, c. Additionally the direction cosines of the corresponding C-CI bond vectors as found from the x-ray work [9] are given within the same coordinate system. To facilitate the discussion, the projection of the unit cell of a-parachloral onto the (100) plane is shown in Figure 3 . Also a molecule viewed along the a-axis is shown in Figure 4 . The numbering of the atoms given in this figure is used throughout this paper.
First we compare the orientation of the principal axes (pil) of the 35 C1 EFGT with the corresponding £W_QO) bond directions. The data given in Table 2 show that the orientation of the EFGT is primarily determined by the bond between CI and C. The angles between the bond direction and <P ZZ do not exceed 0.8°. Since the error in the bond angles from the X-ray diffraction data [9] is ±0.7°, and that of the direction of with respect to the crystal axes is ±0.1°, it is quite safe to say that, in aliphatic C-CI bonds, the bond direction coincides with the axis <P ZZ of the corresponding 35 C1 EFGT.
A comparison of bond angle £ (Cl w -C (A:) -Cl (/) ) and £ supports this above conclusion (see Table 3 ); the difference between the bond angle (Cl w -C (fc) -Cl (/) ) and the corresponding angle of the EFGTs' £ is quite small and never exceeds 0.7°.
In Fig. 5 we show the orientations of the 35 C1
EFGT for the Cl-atoms bonded to C"'" with respect to the plane C (I) -C (U) -C1 W . In Fig. 6 the corresponding relations for the second group CC1 3 , Cl-atoms bonded to Cl (2, 1) are given, now with respect to the plane C (2) -C (2J) -C1^.
An interesting result in the present study is the orientation of the EFGT axes <P { fl and <P { y j ) within the molecule. For the discussion it is convenient to consider the two crystallographically inequivalent Table 3 . X-ray crystallographic bond angles (Cl w -C <k) -Cl (/) ), and 35 C1 EFG principal axes angles £ 0 : J) in a-parachloral.
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neighbouring atoms are shown in a projection along the direction C (1,1) -C (1) in Figure 7 . Disregarding the atoms C (2) and H (2) , the plane (
is pseudo mirror plane with respect to C1 (I,1) , Cl (1 ' 2) , and Cl (1 ' 3) . It can be seen from is somewhat weaker than that of 0 (1) on Cl (1, 1) , showing up by the smaller rj and the less Table 2. threefold symmetry for the orientation of <P XX and <P vv of the three EFGTs, which has not been observed in any of the CC1 3 groups discussed here.
The asymmetry parameter of the EFGT (Cl
is even smaller than that of Cl (1, 2) . For Cl (1 ' 3) the mirror symmetry is much more violated by the relatively close lieing atoms C (2) and H (2) (distance (2, 2) there is no reason for further discussion of the orientation of the EFGT regarding the very small asymmetry parameter.
The results on a-parachloral can be compared with those found for Chloralide [4] , In the Chloralide molecule there are two crystallographically independent groups CC1 3 . One of these groups, C (4) -Cl (4-5 ' 6) , has an intramolecular nearest neighbourhood very similar to the sroup CC1 3 in a-parachloral; it is the configuration C1 3 C-C . Fig-X 0-H ure 9 shows a pseudo miror plane through H (2) , C (4) , C (5) . Again the orientation of two of the 35 C1 EFGT, EFGT Vl (4) ) and EFGT (Cl (6) Fig. 6 . Orientation of the EFGTs of the group C (2,2) -QT2.1:2. l';2,2) wjth respect t0 the p]ane (C (2)_ C (2,2)_ C1 0)). The signs of the angles refer to the upper signs of the direction cosines in Table 2 . >, and Cl (3) in Chloralide with respect to the next neighbouring atoms. The EFGTs are drawn as projection of threedimensional ellipsoids in a similar way as usually done for thermal ellipsoids in X-ray crystallography. The projection is along '», and q(2,2) j n a -parachloral with respect to the next neighbouring atoms. The EFGTs are drawn as projection of threedimensional ellipsoids in a similar way as usually done for thermal ellipsoids in X-ray crystallography. The projection is along C< 2 ">-C< 2 ). » in a-parachloral with respect to the next neighbouring atoms. The EFGTs are drawn as projection of threedimensional ellipsoids in a similar way as usually done for thermal ellipsoids in X-ray crystallography. The projection is along C
(1 '0-C (1) . Fig. 9 . Orientation of the EFGTs of Cl (4) , Cl (5 \ and Cl (6 > in Chloralide with respect to the next neighbouring atoms. The EFGTs are drawn as projection of threedimensional ellipsoids in a similar way as usually done for thermal ellipsoids in X-ray crystallography. The projection is along C (4 '-C (5) .
in a-parachloral for the atoms Cl The second group CC1 3 of the Chloralide molecule has a different intramolecular configuration. It is shown in Figure 10 . No pseudo mirror plane exists for the group C (1) -C1 (1, 2, 3) . It is found that (p yy (Cl (2) ) is oriented along a mean plane through Cl (2) , C (2) , C (3) , and 0 (1) , forming an angle of ~ 3° with this plane.
